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! ABSTRACT

; The partial oxidation of propane and of mixtures of propane

i and propylene was studled in order to elucidate the role of propylsne
in the mechanism of propane oxidation, Propylene itself may be

G formed %ansubstantial amounts in the oxidation of propane and it

- 13 also/to be an inhibitor in many types of free radical reactions,

Particular attention was also directed to the mechanism of formation

and destruction of hydrogen peroxide in the over all reaction, and the

regults are of interegt Ain evaluating the industrial potential of a

| hydrocarhon oxidation process for the manufacture of hydrogen peroxide,.

p The experimental apparatus was a tubular borosilicate glass

) (Pyrex) flow reactor, preceded by separate hydrocarbon (propane

and propylene) and oxygen preheaters, and followed by a tubular
surface condenser cooled with circulating ice water, Ths range of
experimental variables studied was as fcllows: reaction temperatures
of 375, 425, and 47500; propane-to~oxygen mole ratio of 5.5 ta 1;
inlet propylene concentrations of 0, 5, and 15 mole per cent; and
residence times of 0.7 to 12 seconds.

~

At the lowest temperature, 37500, very little ethylene zud
methane but considerable amounts of propylene and oxygenated organic
compounds were formed per mole of propane reacted. At 42502, the
yield of oxygenated organic compounds decreased while the yield
of propylene and hydrogen peroxide isolated per mole of propsne re-
acted reached a maximum, At 475°c, only small amounts of oxygenated
organic compounds were found but some ethylene and methane were

g d detected in the products,

, .1 A Propylene, addsd as a diluent, decreased the induction period
‘ ' of the oxidation, but hed 1little effect on the subsequent rate of
oxidation., Increased amounts of the oxygenated organic compounds
were found in the products per mole of cxygen reacted as the con-
centration of diluwent propyiecns wag incrcased but at the sanme
time the yield of hydrogen peroxide per mole of oxXxygen reacted
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& decressed, No significant effect of uropylene addition was noted
i on the amount of hydrogen peroxide plus water isolated per mole of §
i oxygen reacted. The reaction rate at 425°C was found to be much i

slower than at either 375 or 475°C.

4
4

The results are interpreted in terms of a reaction mechanism, i
It appears probable that the decrease noted in the length of the
induction period when diluent propylene was added is caused by
_ oxygen attacking propylene to form allyl and parhydroxyl radicals
,! at a higher rate than it attacks propane, The perhydroxyl radical
and some of tne sllyl radicals formed in the reaction are postulated
to react then with propane to form the propyl radical, this two-
gstep process veing more rapid thaii the single-ster reaction of
| oxygen with propane, Propylene decreases the amount of sldehydes
decomposing by free-radical attack by reacting preferentially
with the free radicalsto form the relatively inactive allyl radical,
: Thls sequence leads to higher yields of aldehydesin the produots,

Ib was concluded that substantially larger quantities of
hydrogen peroxide were formed in the reaction than were actually
isolated, The hydrogen peroxide yileld was found to vary with the
type and condition of the reactor surface, The highest yields
were found in new, clean torosilicate glass (Pyrex). Propylene
addition decreased the yield of hydrogen peroxide per mole of
oxygen reacived, but the total yield of water plus hydrogen peroxide
was not greatly changed, This indicates that propylene was causing
some decomposition of hydrogen peroxide to water, possibly by being

adsorbed on the reactor wall and rendering it more active toward
peroxide destruction.

4 o v e v e -

The allyl radical produced from propylene by reaction with
oxygen or a free radical is resonance stabilized and is considered
relatively inert compared to the propyl radicals foirmed from

g propane. Attempts to oxidize pure propylene showed that under
’ comparable experimental conditions, essentially no reaction occurred
at residence times in which propane-oxygen mixtures were almost
completely reactved,
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The partial oxidation of propane and of mixtures of propane
and propylene was studied in order to elucidate the role of
propylene in the mecharism of propane oxidation and to aid in the
evaluation of the industrial potentialities of such an oxidation
process for producing hydrogen peroxide, In these experiments
substantial quantities of the following intermediate products of
the oxidation were isolated: formaldehyde, acetaldehyde, methanol,
hyirogen peroxide, carbon monoxide, and the olef.us propylene and
ethylene. The theoretical significance of such studies proneeds
from the fact that propylene is itself formed in the reaction and
it has been found in general tc inhibit free radical reactions.

In practical operaticns,; the propane feed gas for an industriel
plant, whether obtained from the petrcleum refinery or from
recycling the unreacted propane in a partial oxidation process, may
contaln some propylene. The knowledge of how this diluent affects
the yvields of hydrogen peroxide and other products would indicate

whether the propylemne must first be separated from the propane feed
gas,

The literature indicates that the oxidatlion of propane has
been more extensively investigated than that of any other hydrocarbon.
A recent report (17) gives references to the previous work, The
rate and rroducts of the oxidation are greatly influenced bty
the reaction temperature. At pressures of 1 to 2 atmospheres and
with a high ratio of propane to oxygen, the important effects of
temperature may be summarized as follows (16):

1. At temperatures below 375°C, the products of the reaction
are mainly formaldehyde, acetaldehyde, and methanol although some
propylene is also formed. .

2., As the temperature is raised above 37506, a range 1is
reached in which the rate of oxidation deoreases with increasing
temperature, The exact range of this negative temperaturs coefflcient
can vary with the partial pressure of reactants and surface
conditions but 1s usually observed between 400-425°C, With further

increase in temperature the rate passeg through a minimum and then
increases.,
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3. In the range of the negative temperature coefficient, as
the temperature is raised the proportion of oxygeaatsd products
decreases and that of the olefins increases.

4, As the reaction rate increases after passing through the
minimum, the proportion of reacted propane golng to oxygenated
srganic products continues to decrease and the proportion going to
olefins, increases. Ethylene production increases very rapildly,
and sbove about 500-550°C, the reaction becomes essentially an
oxygen-sensitized cracking of propane.

Hydrogen peroxide is reported as a product at temperatures
between 300-500°C, but the quantities isolated depend to a great
extent on the type of reactor surface used 1n tlie experiments
as well as the temperabture and reactant ratios. When soft glass
or salt coated glass reactors are used, very little hydrogen
peroxide is found but when Pyrex or silica glass reactors are
substituted, the yilelds of hydrogen peroxide increase. The amounts
of hydrogen peroxide appear to increase with tepperature, but
often the increased decomposltion rate of this specisse at the
higher temperatures leads to lower overall yields.

The effect of propylene addition was noted by two previous
investigators with conflicting results; Chernyak and Shtern (5)
reported that the addition of propylene had no effect on elther
the rate or the product distribution; the propylene which was added
reportedly passed through unchanged. Harris and Egerton (8) found
that propylene addition decreased the induction period in propane
oxidation but did not change the final amount of propyleme isolated,
Neither attempted eny explanation of their results.

EXPERIMENTAL

The experimental apparatus consisted ofia tubular Pyrex
flow reactor; 1 inch 1.4, and 3 feet long,"preceded by separate,
electrically heated hydrocarbon (propane and propylene) and oxygen
preheaters and followed by a tubular surface condenser cooled with
circulating ice-water. The arrangement is shown on Figure 1.
Since bhack-mixing would confuse kinetlc interpretation of results,
a long cylindrical reactor shape was chosén so as to make the flow
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characteriatics of the reacting gases approach slug flow as nearly
as possible, Propylene and propane of $9% purity and oxygen of
99.5% purity were used as the reactants. The propylene was

metered separately and added to the propane stream just prior to the
hydrocarbon preh=sater, The residence time was varied by changing
the inlet flcw rates; this in tura controlled the smount of

reaction occuring. The first 24 inches of the reactor was maintained
isothermal by insulation and electrical heaters, Either elecirical
heating or cooling by forced air convection could be externally
applied to the last 12 inches of the reactor, the cooling being
necessary to maintain isothermel corditions in runs in which a large
amount of reaction took place. Temperatures were measured of che
hydrocarbon and oxygen gases before they were mixed at the reactor
inlet an¢ of the reacting gases at every 12 inches 2l ong the reactor,

In each run, the oxidation was allowed to reach steady state,
after wnich liquid and gas flow rates were messured and samplesg

of both streams ccllected. The gas samples were analyzed volumetrically

by selective chemical absorption for carbon dioxide, acetylene,
propyiene, ethylene, oxyger, and carbon monoxide (2); hydrogen was
selectively oxidized by copper oxide; and methane was determined

by infrared absorption. Propane was determined by difference,
Acetylene was never detected in the exit gas by this chemical
ebsorption technique except in a few rung where pure propylene was
oxidized. Previous work (17) has shown that small amounts of

ethane are also present in the product gas but essentially no olefins
higher than propylene nor saturated hydrocarbons higher than propane
are found, This latter result suggests that polymerization reactions
of hydrocarbon radicals here are negligible.

The 1liquid condensate was analyzed as follows (1l7Z(a)): total
peroxide was determined iodimetrically using 56% hydriodic acid in
glacial acetic acid solvent; total aldehyde was determined by
measuring the amount of acid liberated using hydroxylamine hydro-
chloride; formaldehyde was determined colorimetricslly with acidified
Schiff's reagent; methanol was determined colorimetrically with
ceric ammonium nitrate after separation of the methanol from ths
aldehydes and peroxides. Acetgldehyde was calculated as the
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difference between the total aldehyde and formaidehyde.

- reagent reacts with formaldehyde is decreased when the formalidehyde
solution alsc contains hydrogen peroxide. The hydrogen peroxide
reacts with the formaldehyde to form organic peroxides which are

| apparently incompletely reconverted to formaldehyde in the analytical
procedure, Correction factors were therefore established by
determining the effect on the reported value of (1) the time

that the formaldehyde and hydrogen peroxide were in contact with

one another before anelysis, (2) the temperature, and (3) the

initial concentration of formaldehyde and hydrogen peroxide.

By this means 1t was possibie to determine formaldehyde concentrations
to within + 10% of the true value.

A check cn the overall asccuracy was obtained by calculating
' - material balances from the analytical results for the gas and liquid
samples, comcined with ths flow rate measurements. The quentity
; ' ) of the liquid condensate, as measured by direct weighing of a
sample taken over a known time interval, was corrected for the
' amounts cf the liquid components left uncondensed in the gas
phase. The gas stream left the condenser at a temperature between

_| ' 5-10°C and presumably was in equilibrium with the liquid condensate,
: The results of some experiments by Cooper (6) were used to calculate
t '; the equilibrium partial pressures of the liquld components in the

; !

exit gas stream and these data, combined with a knowledge of the

i total gas flow from the condenser, madc 11t possible to celeulate

' the amount of the variocus liquid components carried out of the
condenser by the xit gas. This correction affects particularly the
amount of methanol reported since it 1s quite volatile in dilute
aqueous solutlions, Studies were made zt three different
temperatures; 3?5°C, representgtive of the so-called low-temperature
oxldation region; 425°C, which is in the temperature region where

i : the rate of reaction has a negative temperature coefficient;

| _— and 475°C, representative of the high-temperature region.

In all studies the molar ratio of pfop ane to oxygen was kept

corstant at 5.5 to 1. Each series of experiments consisted of

< b
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three runs: in the first, propane and oxygen were reacted with no
propylene added., In the seccnd, a concentration of prupylene equal

2 to 5% of the total entering gases was used; in the third i5%
propylene was added, All three runs were carried out at the same

| contact time, achieved by reducing the propane and oxygen flow rates

as propylene was added, The residence times reported were calculated

by dividing the reactor volume by the entering gas volumetric flow '

rate, corrected to the temperature prevailing in the reactor.

Thig method of calculating residence times, of course, gives only

an approximacion to the "true®" contact time because there 18 an

. increase in the number of moles during the reaction, and slug

l flow is not completely achieved, By varying the residence time in

successive studies, the progress of the reaction was followed

from the early stages up to the point where esscntially ail of

the inlet oxygen had resacted. A total of 48 runs were made,

BESULTS

The experimental results are presented in tabular form in
Tables 1, 2, and 3. The moles of reactants entering and products
leaving the reactor are shown in Table 1 on a basis c¢f one hour
of cperation and in Table 2 on a basis of 100 moles of total inlet

_ gases. Table 2 also lists the percent of inlet oxygen reacted and
the regults of material balances cn carbon, hydrogen, and oxygen.
Table 3 presents the product yield per mole of oxygen reacted,

The general effect of the variables of reaction temperature,
inlet propylene concentration, and extent of reaction on the
preduct distribution and rate of reaction may be briefly summarized
as follows:

Beaetion Temperature

The effect of temperature was similar to that noted by previous
: ) investigators. At the low temperature, 3?5°C, the products
consisted largely of oxygenated organic species in addition to

1

some propylene. At 425°C, in the negative reaction rate zone,
the quantities of oxygenated organic compounds decreased and some
eéthylene and methane were found. The yield of propylene and




= L i - 2 — - S SV — et ¢ sermmar ey raes
&
: -
. 3
.
N ot \ TABIJE 1
JARLE _QF
3 SAPERINENZAL DATA
PLOY RATES EXmUSTY o8 CONPOS1TION CONUENSATE COMPO3IT10R
Temp~ aa Noles/Nr, Gue /¥r. {Ury Basile Welght Percens
‘ Run | erature | CuMe | Oe el  Exhaust l Conden- | COs | Calta | C-Re | Ce8s | 0o | GO | he I o | Cofe o0 | HeOa | CHiAAB ) THGRO" ] oM
Mo, L J I l Oas i oate L l i I I l l I
" 375 8.5 lo.eo | - I 8,81 I 30,2 0.6 | - I s 112 Loalss ' 18 | - I 8s.3* | 36,2 I 9.9 [ 6.3 ‘ 18.8 | 2.2
» 375 8.8 0.76  0.26 XY 291 0.0  -- 8.9 11 0.7 5.2 - - Bs,0%0 34,7 9.k 2.7 20.6 2.8
L bid 3.7 0.68  0.78 .57 5.8 0.8 .- 17.3 0.7 0.2 5.2 -- 1.1 79.3°% w9 5. 8.3 213 2.8
sA 375 6.60 1.20 - 6.81 33.6 0.1 - a5 0.6 6.2 2.5 2" 1.9 8.0 363 W) .3 1.3 20.8
58 375 6.25 1.6 0,35 6.64 35,5 0.2 - 9.1 b 3.9 ). o8 08 80, 316 16.6 13.5 6.1 22.%
E 375 5,60 1.02 1,16 6.72 Y. o.s  -- 17,5 1.0 0.9 1 03 1 7u.e 2.6 16.3 5.3 6.5 19.
g 6 373 8.7 161 -- 9.8 2.5 01 - 2.8 0,7 10.6 0.9 0% 1.k 82.6 356 18.7 15.9 1.6 JUSY
&3 375 8.31 1.5)  O.52 9.66 25.% 0.0  -- 8.4 o6 8.9 1. 10 0.0 79,7 N6 17.7 15.8 13.9 20.9
6 375 7.30 1.3% 1.8 9.40 w. 0.2 - 17,3 1.5 5.9 16 1.2 0% .3 28.6 17.6 23,0 1.3 19.3
7 278 0.5 . - 12,8 13,6 0.0  -- 1.6 0.1 13.5 0.1 0.9 1.3 82,7 3.3 1s.s 7.8 20.6 25.2
D 78 375 9.99 1.81 o0.62 12,0 25.4 0.2 -- 6.5 0.2 1.0 0.6 i - 80,3* .8 12,9 5.5 2.6 221
7 378 8.53  1,6: 1.5 1. 33.7 0.3 .- 16.8 0.6 6.8 1.k 1.0 0.5 72.6 3.7 1.9 8.6 2. 238
| 84 375 4.50 0.81  -- s.21 3.78 0.1 0.8 1.9 0.3 1.8 o.8 0.6 0.6 81.3 7.0 12.7 9.0 17,5 23.8
L 375 b.28 0.78  0.27 5.07 10.0 0.1 0.0 6.7 0.2 12.0 1.6 0.2 00 5.2 .9 9.2 Ww.c 23.0 22,0
[ 375 2.82  0.69  0.79 5.0) 8,58 0.2 - 16.5 0.4 10.1 0.8 0.9 04 70,7 32.6 1.7 (8% 27.0 26.6
} [ 475 6.68 1,20 - 7.76 %) 0.0 - 13.7 10.8 0.8 .9 kA 7.4 59.7 82.2 3.1 20 5.2 4.8
! 98 u7s 6.38 1.4 0.80 7.62 Y. c.3 .- 15.9 8.7 0.2 4.3 W3 61 63.2 81.2 1.7 0.8 7.0 9.3
! 9 u7s s.6;  1.0) 119 7.36 28.9 S e 19,2 6.7 1.9 3.6 1.0 5.0  62.2 7.0 2.8 12 7.6 10.7
108 7S ¥v.38 167 - 10,7 55.: 2 0.0 13.» 9.2 0.6 3.3 2.0 7.¢C 4.3 78.6 3.8 5.3 3.6 8.7
. . 108 75 e.85 1.59  0.5s  10.? 4. 09  -- 16,2 10,2 0.5 3.5 30 2a  s9a 81,0 1.5 1.7 6.8 8.9
! 10C 878 7.75 1.0 161 10.32 3%.1 0.0  -- 21,2 8.2 0.3 be 13 7.2 s 7.7 2.8 1.7 8.2 5.6
2 FETINER I 9.61 176 - 10.7 2,8 00 - 5.5 10 0.5 0.3 1.1 0.7 803 us.2 32,7 10,5 “.8 6.7
: 18 u7s 9.22 1.7  0.57  10.63 25.$ 0.0 -- 10.0 1.1 9. 0.8 0.6 0.5 77.7 9 27,7 3.4 7.0 6.7
i . uc ss 8.12 167  1.6%  10.3 30.1 0.0 - 18.8 1Ls &2 1l 0.6 0.6 71 9.5 22,6 13.6 6.6 7.6
! 124 WS 6.81 1.23  -- 2.3 8.5 00 - 8.8 2.0 6.8 1.3 1.5 1.1 785 58,6 20.) 2.7 5.3 8.1
i 128 47 647  1.18 7.2 32.6 €2 -- 1.0 3.6 3.1 2.k 15 2.6 72.6 8.0 18.7 9.5 s.2 8.6
I 12 475 5.3 1.08 7.13 2.8 0.2 -- 2.2 3.5 1.6 3.3 0.8 2.6 66.s s7.4 16,0 1. 6.8 8.3
: 134 875 6.9 1.2z -- 7.48 18.9 0.0 - 6.7 1.3 19,0 0.7 0.6 2.7 78.0 $.3  2s.0 8.5 5.8 7.8
133 WS 6.8 115 0.8 3.26 .0 2 - 15,3 1.7 05 4.8 2.4 8.5 $6.6 87.2 1.0 2. 3.2 6.1
! 13 7S s.7 1,03 1.9 8.39 2.2 o  -- 21,1 10.2 0.6 &8 2.0 7.9 5.0 576 16,0 1.5 6.8 8.3
! WA b7s 10.75  1.93 - 12.5 13.5 0.0  -- 3.0 0.3 12.7 0.4 0.9 0.7 82.0 39.6 36,1 1.8 5.8 6.9
,i 168 b7s 10,6 1.83 0.65 12.$ 16,6 0.0 - 7.6 0.6 12.1 0.2 1.2 0.4 7.9 #72.0 30.1 10.3 5,2 6.4
: we w7 9.00 1.62 1,88 12,1 13.0 0.0 - 6.7 0.4 100 0.3 10 0.2 .b 8.2 26.5 15.8 7.6 7.
s 1A w2s 6.27 116 == 7.20 b.29 0.0 - 2.0 0.1 14.8 0.0 0.7 - 92.6%  s8.2 2.9 3.5 1.t 4.0
H 158 b2s $.86 1,07 0.37 6,96 8.43 0.0 -- 7.0 0.1 12.6 0. 0.7 0.2 9.t u6.s  Is.3 1.0 1. 3.6
; 156 b2s s.25 @55 1.10 6,76 12,4 0.0 == 17,5 0.6 7.8 0.9 0.9 - 72.3°  89.2 35.6 121 2.3 1.0
o+ 168 w2s 4,09 8.7¢ - 5.63 9.49 0.0 - .. 0.4 113 0.6 0.7 - 82,40 2.4 360 8.8 9.0 v.8
t 6B b2s 3.92 0.71  0.<8 [ 12.7 0.1 - 9.5 0.7 8.8 ©.2 0.5 0.8 79.0 w30 29.5 5.9 15.6 6.6
.' 6C Bl 3.5 0.6) 0.73 Lo 19.9 0.2 - 19.5 1. 1.7 2.5 0.8 0.3 7M.S w0 22.7 7.1 16.6 8.6
. 17A b2s 3.10  0.56  -- R 1.6 0.0 - 7.2 1.0 7.6 ' 13 0.5 8L bu.o 332 1.2 6.0 6.1
. 178 L2s ~.9% 0.5 0.1% 3.32 15.9 0.0 —~— 2.2 1.6 2.8 2.2 0.8 - 81.7° wh.s 27,7 15.0 $.B 6.9
P #3] 2.68  0.M6 0.5 3.36 16.1 o4 0.0 19.9 23 06 39 1a 1.6 .2 s2.6 18.8 1.2 8,7 8.7
!_ } 1A b2s 2.15 0.7 -- 2.8 12.2 Al = 1.6 bbb 09 33 3 s N7 s2.6 22,0 13.9 (8] 6.8
i 138 u2s 2.32 o0W2 0. 2.66 1.9 0.3 -- 3.6 2.9 0.5 3.8 1.2 . 77.7% 60,3 15.% 12.2 3.9 7.9
g 8C  u2s 0.6 185 .23 1. 10.5 0,0 == 15,5 0.2 1l 0.2 g9 0.1 719 Gh.2 27,6  16.2 21 vy
; 19a 628 2.48 0.5 -- 2.68 13.7 0.1 - 10.6 1.8 2.1 2% 2,5 19 90 52,9 26.1 3.2 n.7 6.1
S ! 198 w2s b.6s 0.8 0,29 S.55 908 01 o= 7.9 0.5 110 04 o7 o0 79,0 , k2.8 32,0 &0 155 5.8
xgcl 828 l 4.15 | 0.76 ' 0.37 | 532 I 18.2 0.2 == 19.1 0.8 5.1 {2164 3,1 (| o.s | 7.6 b1.6] 2u.8 9.9 ] 15.9 72
} ® lncludes methane ®° lndludes methens and hydrogen *** inoludes hydrogen l I
1 3
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TABLE 2
TABLE OF RESULZTS
MOLEB OF PACDUCY PIP 100 WOLKS OF IAUARE
. Nole ENTERING GAS _x_ng;_‘_m_m
tesp- | Matto
mun | erajarego €O Ia.m | Ose l 0l ] s l co I n-J on, l Cste jn.o | HaOs lcn.cnol RCRO |an.uu =
Lgo, | 0 | 20 ]
| s [,_, o5 L= | oa | 20 §oo fus Jre P~ Tozselustar [ow s w23 | 0.8 | -3
w9 58 00 - 725 1.0 0.6 8BS o~ = 108 1,6 035 38 8.0 =17 -13
[ 373 5.5 [ - 15.2 0.6 0.2 as - e 9.5 1. 0.92 3.5 s0.2 -0.7 0.0
SA 378 5.5 0.1 -— 3.9 0.6 5.4 2.2 1.0 1.7 8.7 1.8 1,4 2.0 45,2 3.0 e2,1
B I 5.5 0.2 - (X WIS X R X S X 2.9 2.2 1 2.8 b o) 0.9
s 378 5.5 0.4 ) 15.3 0.9 0.8 3.5 0.3 1.0 8.0 2.1 1.5 2.4 +2.8 4.8 +5.0
6a 278 5.6 0.1 -— 2.7 0.7 10.0 0.9 0.9 1.6 8.7 1.3 0.8s 11 0.7 ~0.2 -1.%
e s 5 0.0 — 2.8 06 83 1.4 1.0 0.0 e 13 0.9 1.2 40.8 40,6 +5.3
6 178 5.8 0.2 - 16.0 1.6 5.5 L5 11 0.9 .8 L8 1.8 1.3 0.8 0,7 -1.8
7 7% 5.5 0.0 - 1.6 0.1 134 0.1 0.9 3 1.9 0.5 0.18 0.76 0.6 =ik -8
» s 5.5 0.2 - 6.3 0.2 106 0.6 12 - 8O0 st 0,26 1.7 0.0 -0 7.1
% 37 5.5 [ — 15,5 0.6 6.3 L3 09 0.8 88 1.2 o8 L9 “21 40,8 2.8
8a 378 5.6 0.1 0.0 1.9 0.3 1.5 0.4 0.5 0.6 1.8 0.26 0.1% 0.8) +2.2 +2.5 -£.8
8s 375 5.5 0 - €% 0.2 114 15 0.2 0.0 3.3 o.51  0.60 18 02,0 418 -9,
B¢ 378 5.5 0.2 - 15,7 0.5 9.6 0.8 0.9 0.3 2.9 0.60 0.15 1.5 +3.6  +2.5 b8
94 wrs 5.8 = 98 0,0 -= 13,3 10,7 os 3., k1 72,2 20.8  o0.ei  9.22 0.8 +0.5 0.1 +8.7
9 urs 5.6 16 9 0.3 - 153 23 0 w2 13 sa 19.6  0.21 0,08 a8 0.3 0.9 bk
56 ars 55 w8 87 I 179 6.2 L8 33 05 k7 15,7 030 004 0.92 .8 +13  -0.8
08 w75 5.6 - 97 0.z 0.0 12.9 8.7 05 32 13 g, 21,8 .56 0.61 0.61 0.8 2.5 +0.3
08 b7 5.5 16 o 2.0 - 15.7 9.9 0.5 3.8 2.9 4 198 ca9 .o 1.0 BN ]
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v TABLE 3
4 1 Product Yield Based On Oxygan Rasotad
flt= Holes Par :;ggu:; g;égn Reaoted
Run Tamp-

v ¥o. | erature| cOs lﬁc.x. i Cale l CaHy | co ; Ha | OHq | Fs0 l FaOs I cn.cxol HCHO I CH3OH

o bA 375 v . | 0.3 | 0.07 Volo.os ! — | 0.77 1 011 } 0.055 Po.a | 0.3

B 375 ) =3 0.53 0.07 0.32 == -- 0.76 0,11 0.02s 3,27 0.80

uc 375 0.03 - 1.17 0.05 0.35 0.05 0.08 0,73 0.10 0.072 0.27 0.31

Sh 375 0.01 - 0.38 0.05 0.21 0.10 0,16 0,84 0.18 0.1 9 20 0.27

5B 375 .01 == .68 0.10 C.7% 0.06 0.06 0,70 0.19 0.12 0.21 0.28

¢ 375 0.04 - 1.29 0.08 0,30 0,92 0.08 0.68 0.18 0.13 0.2 0.23

6A 175 0.02  -- 0.48 0.12 0,15 0.15 ©.26 0.82 0,23 0.1 0.1 0.21

6B 375 ) - 1.30 0.10 0.23 0.16 0 0.73 0.22 0.15 0.19 0.27

6c 375 0.02 - 2,00 0,18 0.19 0.1% 0.11 0.68 0.22 0.22 9,16 0.26

, A 375 0 - 0.63 0.0 0.05 0,41 0.5 0.06 0.23 0.08 0.3 0.25
| 7B 375 0. - 1.26 0.06 0.12 0.23 -- €.80 0.16 0.05 0.3 0.29
‘ 2c 375 0.06 - 2.19 9,08 0.1 0.13 U.;7 0.68 0.1 0.08 0,27 0.28
i 3A 375 0.05 0.0 1.08 9.18 0.23 0.3 0.33 0,83 0.13 0.68 0.2s 0.31
i 8B 375 0.02 - 1.38 0.04 0,33 0,06 0 0.72  0.11 0.13 0,32 0.28
8¢ 375 0.05  -- 3.8 0,0 0.18 0.20 0,08 0.70 0,14 0.06 0,35 0.30
i oA 475 0 = 0.98 0.79 0.28 0.30 0.5 1.51 0.030 0.016 0.062 0.039
) ) 9 w75 0.02  -- 1.13 0.62 0,31 0.05 0.43 1.45 0,016 £.0060 0.075 0.09)
' 9c 475 0.03 - 1.57 0.55 0.29 0.08 0.1 1,39 0.02?7 0,012 0.082 O0.11
i 104 475 0.01 2.9 0.89 0.61 0.22 0.13 0.47 1,50 0.038 0.052 0.042 0.093
i , 1B 475 0 = 1.19 0.75 0.29 0.22 0.52 1.50 0.1 0.013 0.076 0.093
' 00 b7s 0 &2 1.99 0.5 0.37 0.11 0.60 1.38 0.026 0.0i2 0.086 0.096
; 1A 475 0 o 0.87 0,16 0.15 0.18 0.12 0.92 0.36 0.086 0,061 0,077
1B 475 0 - 1.56 0.18 0.13 0.09 0,07 1,02 0.31 0,079 0,086 0.079

‘ 16 475 0 = 2.47 0.20 0.1 0,08 0.10 1,06 0.25 0,12 0.C85 0.090
1A b75 0 - 0.85 0.20 0.12 0.1 3,10 1,21 0,22 C.067 0.065 0.094

) 128 by 0.03 == 1.10 €.29 ©0.19 0.12 0.21 1.15 0.20 0,077 0,061 0.09%
! 12¢ 475 0.01 - 1.57 0.28 0.25 0.06 0.20 1,12 0.17 0.092 0.079 0.090
: ' 1A 7S 0 -- 0.99 0.20 0.10 ¢ 09 0,0 1,12 0.28 0.071 0.069 0.085
) 13 475 0.62 - 1.22 0.95 0.39 0.19 .67 1.45 0.01 0.016 0.033 0.056
% 1c b7 0.03  -- 1.83 0.89 0.41 0.17 0,68 1.1 0.01 0.015 0.036 0.039
f WA 475 c = 1.03 0.11 0.1% 0,30 0,25 0.81 9,39 0,09 0.067 0.078
.E WB 475 0 -- 2.50 0.20 0.07 0.3 ©0.13 1,00 0.3 0,087 0.079 0.076
' : we 475 c = £.12 0.15 0.12 0.36 ©.08 0.9% 06.31 0.1%  0.097 0.091
) 158 .25 0 = 1,08  ©0.06 ©0  0.38 --  0.88 0.2 0,021 0.11 0.08
. 158 b2s 0 - 2,04 (.08 0.08 0,21 -- 0.91 0.37 0.10 0.18 0.0
,: 15¢ 825 0 - 2.68 0.09 0.14 0.186 0.11 0.88 0.29 0.08 0.21 0.08
! WA 625 0 == 0.91 2.08  0.12 0.14 == 0.95 0.1 0.08  0.13 0.06
! 6B 525 0.01  -- 1,26 0.09 0.09 0.07 0.11 0.90 0.33 0.05 0.18 0.08
16c 25 0.01 - 1.56 0.12 G.22 0.06 0.02 0.5 0.24 0,06 0.18 0,17

i 174 u2s 0 - 0.82 0.11 0,12 €.15 0,06 0,8% 0,37 0.3 0.07 0.07
1 7B 425 0 - 9.98 0.13 0.18 0.04 == 0.5 031 0.13 0.07 0.08
! 176 b2s 0.02 0.0 1.45 0.17 0.28 0.08 0.12 1,02 .19 0.09 2.10 0.09
: 18A  L2s 0.03 - 0.78 0.30 0.22 0.21 0.31 1.0 0.23 0.11  0.06 0.07

16B u2s 0.02 = 0.89 ¢.19 0,25 0.08 -- 1.15 0.16 0.10 o.c4 0.09

18 425 0 - 8.3 0.11  0.11 0.#80 0.0b 0.95 0,31 0.14  0.09 0.06

I 1A b25 0.01  -- 0.76 9.13 0.7 0.1 0.1 1,07 0.28 0.03 0.1s 0.07

\ % 9 bos 0.02 = 175 0.11  0.09 0.16 0.02 o.asl 5.3%  0.03 | .19 0,07
£ ise | v2s I 0.02 | = I 2,06 Lo.oa 0.1770.12l o.oj o.asl 0.27 ‘ 0.08 ! 0.19 lo.os
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". % hydrogen peroxide isoleted per mole of propvane reacted reached a
' maximum at 425°C, as shown in Figures 2 and 3. At 475°C, the
* amount of oxygenated orgmics formed per quantity of propane
reacting had further decreased, the amount of propylene began to
decrease, andi the amount of ethylene and methane increased., The
products are primarily water snd olefins,

Inlet Propylene Concentration

At all temperaturds investigated, when the inlet propylene
concentration was increased, the induction period of the reaction
decreased although the overall rate of oxygen consumption was
not significantly changed, Figures 4, 5, and 6 show the extent
of reacticn as a function of residence time at 375, 42§, and
47500 for different inlet propylene concentrations. The figure
f given as per cent of the inlet oxygen reacted, was calculated 1y
dividing the total of the oxygen atoms found in the product less
the unreaoted oxygen atoms in the oxygen gas ag such in the preduct,
by the total of the oxygen atoms found in the product, this number
being multiplied by 100. '

The quantities of acetaldehyde, formaldehyde, methanol, and
water found per mole of oxygen reacted increased somewhat when
propylene was added, Three typical plots are presented in Figures
7, 8, and 9, showing the effect of inlet propylene concentration
on the amounts of acetaldeliyde, formsldehyde, and methanol isolated
per mole of oxygen reacted. The quantity of hydrogen jeroxide
t igolated per mcle of oxygen reacted usually decreased as the inlet
propylene concentration was increased as is shown in Figure 10,

The sum of the water plus .hydrogen peroxide isolated par mole of
oxygen reacted was not significantly affected by propylene édditlon.

—o v W mr— = -

anro

| Some of the diluent propylene may have reacted at 375 C since

' . the anount of propylene isolated at this temperature was much
lower than that predicted from the total of the propylene added

| and the propylene which would be expected tc be formed from the
propasne-oxygen reaction,
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9.

£ In each group of three runs, as more propylene was added, the
propene-oxygen flow rates were reduced, This, in effect, gave a
higher total hydrocarbon-to~oxygen mole ratio., It has been reported
(18) that such an increase in the hydrccarbon-to-oxygen mole ratio
of itself increases the cxidation rate, even at very high ratios,
This is not the case here, as shown by the results of two additional
rmg in which addliionsl propane was added instead of propyliene.
Compared to runsg with a lower propane-oxygen ratio, the additional
propeane was found to give only a slightly increased degree of
reaction, much less than the effect of propylene. It was therefore
concluded tha%?fncreased amount of reaction occuring when propylene
| was added was due to a specific chemical effect and not to the
incressed hydrocarbon~to~oxygen ratio as such,

f Extent of Beaction

The quantities of methanol, the carbon oxides, ethylc =,
water, and methane found in the products per mole of oxygen
reacted generally increased as the per cent of the inlet oxygen

reacted increased. The effect i1s particularly striking fcr methane,
as shown in Figure 11 for 475Q6; The yields of acetaldehyde,
formaldehyde, and hydrogen peroxide per mole of oxygen reacted
sometimes increassed to a meximum ag the reaction progressed but
always rapidly decreased as the percent oxygen reacted approached
100%,

The maximum yield of bhydrogen peroxide expressed as moles
isolated per mole of oxygen reacted was found to be 0,42 at 425°C

with 11% of the inlet oxygen reacted; the maximum concentration

of hydrogen peroxide in the e xit gas was found to be 3.3 mole 4
o

at 425 C with 87% of the inlet oxygen reacted.

o e

A 5.5 to 1 molar m¥xture of pure propylene and oxygen was also

allowed to react in two runs, one at 375°C and ome at &75°C .

1 The results of these experiments are presented in Table 4, The
same qualitative distribution of products was found as in the
oxidation of propane alone. In addition to the aquecus condensate
produced, a yellow-brown ¢il layer was formed which was undoubtedly

A a propylenz polymer., Material balances indicated that at 3?5°C
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475°
4.8
8,8

TABLE 4
Besults of Experimental RBuns in Whioch Only Propylene was Oxidized
Temperature . 3759
Mole BRatio (°3H6/0,) 5.4
Residence Time-sec, iz
£ Inlet Oxygen Reacted 38

Moles of Product per 10¢
noles of Entering Gas

COg 0.0
CzHy 0.0
CaH, 75.48
C.H, 0,0
Oz 9.99
co 1.50
Hy- 0,0
CH, not analyzed for
H,0 3.31
H,0, 1.61
CHsCHO E 2,65
HCHO 1,15
CHaOH 0.93
Materigl Balances*
Carbon +£€,0
Hydrogen +3,2
Oxygen -5.2
#* Defined as atomg in -~ atops out x 100
atoms in

but exciuding oll layer formed

89

0.0
2,6
20,91
21,20
2,73
5.83
1.39

30.79
1.39
2,20
3.66
0.5¢8

+28

“"509
~&7
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about 6%, and at 475°C, about 28% of the cerbon in the propylene y

a3 reacting appeared as this polymer. A siznificant fact was that }
S muci longer contact times wers required to congum> a given
fraction of the inlet oxygen when it is reacting with pure propylene
gl than with pure propane. However, mixtures of propane and propylene

reacted faster then either species alone.

DISCUSSION OF BESULTS

A

When propane alone is oxidized, propylene is a major product,
Since this propylene acts similarly to any added propylene, the
] experimentsl results must be interpreted on a relative basig, i.s.,

the effect of added propylene on the induction period,, reaction
rate, and product distribution will only magnify sny effects which
may be due to prcpylene in the undiluted case, The discussion

: presented here will attempt to outline a mechanism of propane $
i oxidation emphasizing the reactiocns in whish propylene plays an 1
important role, Various reaction steps which may be invoiwal in q

propane oxidation are presented in Figure 12. Many other paths
not shown are also possible, but the scheme may help to orient the
reader in the following discussion,

Inltlating Beactiong

In a propane and oxygen mixture at high temperature, ths

initizl fission of the propane molecule can oczur elther by

thermal cracking or by attack from an oxygen molecule. Thermal
cracking is not considered to be important for the following reasons,
Experimentally, when propane and nitrogen {instead of oxygen) were
preheated and passed through the reactor, no products of cracking
were detected until a temperature of b75°c was reached. At _
this temperature, ounly about 0.1 to 0.2 per cent of the inlet ' 1
propane was found to decompose, forming predominantly hydrogen ]
and propylene, This small amount of cracking has of itself a !
i negligible effect on the product distributicn obtained. The free '
1 ) radicals produced in the cracking recaction are not important in
| initiating the reaction since it is known that propylene inhibits
' the thermal decomposition of propane (15), yet propylene added
to a propane-oxygen mixture was found to decrease the induction
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Annibiting action of propylene in free-radical reactions is
attributable to its reaction with reactive free radicals 28 in

equation (2) producing a resonance-stabilized inactive allyl radical.

This long lived radical may, in fact, combine with another to
produce diallyl, the net result of which is the removal of two
reactive chain carriers per moiecule of diallyl formed,

When propyleve is added initially to the propane and oxygen

mixture, ths oxygen will preferentially attack the propylene since
it has the weakest carbon-ihydrogen bond,

Cally + Og——) Q,H5° + HO.* (3)

The products of reaction (3) should be able to attack propane
with more euse *“han oxygen.

C,H8 + Hoa'-——-—>C,H7' + H.0, (4)

CSHB + CsH5._'_> ‘.L==CS,H?. + C3H6 (5)

To summarize the initlating steps in the reaction: if no
propylene were present, the initiating recsction is presumably
reaction (1) which is slow and explains the induction period found
experimentally; if procpylene be added to the reacting mixture of
propane and oxygen, reactions (3), (4), and (5) eclipse reaction
(1) as the initial reaction steps, thereby decreasing the induction
pericd. Propylene, whether produced as a product of the reaction
betwezen propane and oxygen or added as a diluent, would act
similarly in the initisting steps.

Beactiong of the Propyl H2adlcal

The various reactions of the propyl radical have been thoroughly

discussed in a recent report (17Z) and will be but briefly reviewed
here,

It is postulated that essentially all the products isolated from

propane oxidation are formed by reactlons ol the propyl radical

which may proceed by three paths, the predominating reaction being
determined by the temperature,

1. The propyl radicals may thermally decompose to ethylene
and methyl radicals,
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C3H7. —_—) CQH‘ + CHa. (6)

From a consideration of the bond dissociation energies of the
carbon-carbon and carbon-hydrogen bonds in the propyl radical (21),
Plus the fact that very 1ittle hydrogen was found here, it 1is
concluded that only a negligible fraction of the pr¢,yl radicals
thermally dscomposed to form propylene.and hydrogen atoms, Thisg
conclusion is supported by e xperimental data on the products of
cracking of the propyl radical (20).

2, Propyl radicals may react with oxygen according to
reaction (7):

C3H7. + 03__) C3H6 +'HOQ. . (7)

3., The propyl radical may react with oxygen to form the
propyl peroxide radical which in turn can lead to the formation

of the oxygenated organlc specles, acetaldehyde, formaldehyde,
and methanol.

Call,* + Op«———) oxygenszted speciles (8)

Beaction (6) becomes important at very high temperatures, i.e.
over 500°C, At lower temperatires reaction (7) predominutes;
the maximum yield of propylene per mole o propane reacting was
found at 425°C, Further decrease in temperature increases the
importance of reaction (8) and decreasesthat of reaction (7),
thus increased quantities of oxygenated organic species are found
and decreased quantities of propylene.

It may be shown that the ratio (moles of propylene/moles
of propane forming oxy genated organics) 1s almost constant at
any one temperature for varylng degrees of completion of reactlon.
The constancy of this ratlo implies that 1ittle or no propylene,
once formed in the reaction, reacts further, Thils ratio does
decrease somewhat at 3?5°C indicating that at this temperature
propylene reacts further forming some of the oxygenated organilc
products., Any reaction involving propylene probably proceeds
through the allyl radilcal which 1s resonance stabllized.and reacts

more slowly than the other free radicals particlpating in the
oxidation.
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g A There is no general agreement as to the subaequent reactions
3 of the propyl peroxide radicels, formed in reaction (7), and the
i results obtained here do not contribute further evidence. The

mechanism postulated by Lewlis and von Elbe (9) is used in Figure
12, but alternately the peroxide radicals may react with the alkyl
radical or another peroxy radical to form an alkoxy radical, as
postulated by Bell, Raley, Rust, Seubecld, and Vaughan (1).

Formation of Methanol

] The methanol formed in the reaction is attributed to the
, reaction of the methoxy radical, CH30°®, with propane or propylene.

, CHgC* + Caig————> CH3O0H + C3H,° (9)
: The methoxy radical may also react with oxygen in a competing
i reaction, ,

Experimental evidence for the existence here of this pair of
competing reactions comes from noting that the yield of methanol
per mole of oxygen reacted increased as the reaction progressed,
i,e., as the concentration of oxygen decreased., Adding prorylene
to the propane-oxygen mixture increased the metheggl isolatsed per
mole of oxygen reacted, This 1s consistent with/hypothesis that
propylene, possessing an easily extractable hydrogen, should
increase the amount of reaction (9) relative to reaction (10), thus
leading to the higher ylelds of methanol.

Regctio et

. e e me v e w—— -

Acetaldehyde is not a stable intermediate; only a fraction of
the total amount presumably formed from the decomposition of the
isopropyl peroxide radical is found in the products. One way it
may disappear is by reaction with free radicals,

PR

| ) CHaCHC + R* —> CH3CO* + RH (1)
The acetyl radical is unstable (7, 19) and readily decomposes.
CHgCO* —— CHs* + CO (12)
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It hes been realized for soms time that oxyzen ceatelyzes the free-
radical decomposition of scetaldehyde (10, 11, 12, 13, 23) so it

appears plausible to insert a competing oxidation reaction with the
straight free-radical 4ecomposition reaction.

CHzCHC + 05 ———) CH3CO* + HO,* - (13)

In reaction (13) the hydrogen atom attached to the carbonyl carbon
is considered more labile, but this view has been disputed (4, 5).
The principal difference between reactions (21) and (13) is that
the former is = atraight chain-continuing reaction while the
latter is chain-branching. The branching-chain characteristice

of reaction (13) predict that the higher the concentration of
acetaldehyde and oxygen ir a propane-sxygenr system, the mo™e rapid
the reaction., Until recently the effects noted when acetaldehyvde
was added to the original propane-oxygen system at low temperatures
was one of decreasing the induction period and increasing the

rate of the oxidation (8, 14). This agrees well with prediction,
However, recent work (18) has indicated that this rate-accelerating
effect of acecialdehyde is not present at the higher temperatures,
The tentative conclusion may he drawp that at the low temperatures,
the branching reaction of acetaldehyde predominates, but as the
temperature is increased the free-radical non-branching reaction
increases in importance. This view leads one to postulate that
this change in mechanism is the cause of the decreasing rate region
noted betweer 400 and 425°C, In the same temperature region,
there 18 also a decreasing amount of acetaldehyde formed with
increased temperature, as discussed previously, which likewlsge
decreases the effect of the oxidation reaction.

The effect of propylene on these two reactions would be to
increase the amount of acetaldehyde found in the products by {a)
decreasing the active free-radical concentration (reaction (2)),
and (b) by reaction with the acetyl radical to reform ecetaldehyde,
The experimental data indicate that the yleld of acetaldehyde per
mole o»f oxygen reacted usually does increase with the addition of
more propylene as showa in Figure 7.

s
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Reactions of the Methyl Radi

The methyl radicals, formed from the decomposition of the
acetyl and propyl radicals, may react in two ways.

. [ ?
CHa® + CaHB_ ..’m,., 1& hl;_? \tﬂa_.l. (14)
CH§* + 0p———- HCHO + QH* (15)

There is some question about the exaot mechanism of reaction (15)
(11, 20), as no spectroscopic OH hends havs bson noted in oxidaiion
studies of the methyl radical (3).

Figure 11 shows that the methane yield per mole of oxygzen reacting
increases as the concentration of oxygen decreases, as would be
predictsed, Howsver the effect of propylene on the methane yleld
is not as pronounced as might have been expeoted from the analogous
case involving the methoxy radical, Undoubtedly rropylene does
provide a readily extractable source of hydrogen in reaction (14)
which should increase the rate of this reaction, Mgwever propylene
may also react with methyl radicals in an addition reaction (22).

CHs® + Coly — c‘H9' {16}

The net effect of propylene is thus small as both reactions tend
to counterbalance each other,

Reactions of Fcrmgldehvde

Formgldehyde decomposes primarily by a free-radical mechanism
similar to that proposed for acetsldehyde.

! HCHO + BR® ————3 CHO* + Ri (17)

The experimental data show that propylene amddition increases the
amounts of formaldehyde found in the products, as gahown in Figure 8,
Propylene presumably inhiblits the decomposition of formaldehyde by

, regeneration of formaldehyde from the peroxyformyl radical and by
i . decreasing tihe free-radical concentration, The fate of radical
! : HCO* has been thoroughliy discussed elsewhere (9).

Formation of Water, Hydrogen Peroxide. and Hydrogen
The foruation resctions are belleved to be:
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H* + CaHg ———> Hp + C,H7- (18)
OH* + C°H8 ———> H,0 + C.H7° (19)
HO,* + Callg ———> H305 + Ca,° (20)

The hydrogen peroxide which is formed may decompose or
react further, Hydrogen peroxide vapor is known to decompoée
hetarogeneously at high temperatures to form water and oxygen
even on relatively highly inert surfaces such as glass, Here it

may also decompose homogeneously or react further with the. other
products of the cxiduvicn.

The highest yield of hydrogen peroxide was 0,27 molez per
mole of propane reacting at 425°C., Coating the surface with
elkall halides cor boric anhydride decrezsed the vield, The addition
of propylene to the reaction mixture led to decreased amounts of
hydrogen peroxide found per mole of cxygen reacted and this 1s
shown in Figure 10, However this propylene addition did not
greatly affect the yleld of water plus hydrogen peroxide.
Propylene may possibly be adsorhed on the surfaces of the reactor
rendering them more active in decomposing hydrogen peroxide to water,

Heterogeneous Effects

Frevious studies of hydrocarbon ocxidation in glass vessels
have siiown that the results may vary as the reactor surface "ages®,
Such an ag!ng process was very slow and relatively insignifiocant
here, However, it is interesting to compare the present results
with earlier results {17) which were obtained in the same laboratory
under tihe game conditions and in the same type of reactor. After
several hundred hours of operation, a brownlsh~red film was found
deposited throughout the propane preheater and the internal surface
of the lower section of the reactor used for the previous studiles,
Some film may also have been present throughcut the remainder of the
reactor, although it was not visible to the eye., The film dissolved
in nitric acid and was combustible in cocxygsn. Presumably it was
a polymeric substance resulting from polymerization of piropylene
and possibly also ethylene. The previous rate-of-reaction regults
are compared to the present ones in Figures 4 and 6 and it is seen
that the induction period in the present studies was much shorter,
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Figure 10 shows that the hydrogen peroxide yield per mole of
propane reacted obtained in the previous studies was slso much
smallevr than tha% obtal ned in the present work, It may be concluded
that the propylene polymer forms a more active surface for the
destruction of free radicals and hydrogen peroxide, Cleaming the
previous reactor with nitric acid caused an increase in the reaction
rate, an inerease in the hydrogen peroxl de yleld, and also an
increase in ine ratio of acetaldehyde to formaldehyde in the products,
the totai aldehyde remaining essentially coastant. This latter
result éuggests that at lzast some of the reactions of acetalliehyde
leading to formgldehyde are heterogeneous 1w iiure,

SOMMARY

The role of propylene in the partial oxidation of prorao:mz i
seen to derive primerily fror 1%z w=lativelr -reak cerioa-hydreogsn
bond compared to most other organic molecules., Howsever,
once the initial hydrogen has been removed from propylera, a
relatively stable allyl radicsl results. This accounts f'or the
acceleration effect of propylene in the initial stages of the

propane oxidation, as well as its inhibiting effect under most
other conditions,
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